In Drosophila melanogaster, the borders between pericentric heterochromatin and euchromatin on the major chromosome arms have been defined in various ways, including chromatin-specific histone modifications, the binding patterns of heterochromatin-enriched chromosomal proteins and various cytogenetic techniques. Elucidation of the genetic properties that independently define the different chromatin states associated with heterochromatin and euchromatin should help refine the boundary. Since meiotic recombination is present in euchromatin, but absent in heterochromatin, it constitutes a key genetic property that can be observed transitioning between chromatin states. Using P element insertion lines marked with a su(Hw) insulated mini-white gene, meiotic recombination was found to transition in a region consistent with the H3K9me2 transition observed in ovaries.
Introduction
The term heterochromatin was introduced by Heitz (1928) to describe regions of chromosomes that stained deeply, and remained compact during the cell cycle. Heitz contrasted heterochromatin with euchromatic regions of chromosomes that cycled through condensed and uncondensed states. Heterochromatin was later divided into two categories: facultative and constitutive (Brown 1966) . Constitutive heterochromatin is typically found near telomeres and centromeres, and is defined as heterochromatin that remains condensed throughout development.
Facultative heterochromatin is a region of euchromatin that has the potential to change to the heterochromatic state at some point during development. In this study, we use the term heterochromatin to refer to constitutive heterochromatin.
Since Heitz's original cytological observations, many additional properties of heterochromatin have been discovered that provide a more general characterization of the heterochromatic state of chromatin. Some of the known properties of heterochromatin, described in their relation to euchromatin, include enrichment in transposable elements and repetitive satellite DNA sequences (Hilliker and Appels 1980; Lohe et al. 1993; Bartolomé et al. 2002) , the absence of meiotic recombination (Baker 1958; Roberts 1965; Carpenter and Baker 1982) , a regular compact nucleosome array (Wallrath and Elgin 1995) and chromatin-specific histone modifications (Ebert et al. 2006; Kouzarides 2007; Eissenberg and Reuter 2009 ). The phenomenon of position effect variegation (PEV), first discovered by Muller (1930) , was historically attributed to heterochromatin, whereby the expression of euchromatic genes is suppressed when they are moved by rearrangement into, or near, heterochromatin. However, PEV is a more general phenomenon that occurs when a gene is moved from its native chromatin structure and placed in, or near, an alternate chromatin structure. Thus, heterochromatic genes D r a f t also experience position effects when moved from their native heterochromatic environment and into, or near, euchromatin (e.g., Wakimoto and Hearn1990; Eberl et al. 1993; Howe et al. 1995) .
In Drosophila melanogaster, the borders between pericentric heterochromatin and euchromatin on the major chromosome arms have been defined through cytogenomic techniques (Hoskins et al. 2002 (Hoskins et al. , 2007 and through the binding patterns of heterochromatin-enriched chromosomal proteins and heterochromatin-specific histone modifications (Yashuhara and Wakimoto 2008; Riddle et al. 2011) . The most prominent and well studied heterochromatinenriched protein is HP1α (heterochromatin protein 1 α; for review see Eissenberg and Elgin 2014) , which was first discovered as a suppressor of euchromatic PEV and by its association with heterochromatin (James et al. 1989; Eissenberg et al. 1990 ). HP1α has also been shown to play an important role in the proper expression of the heterochromatic genes light and rolled (Lu et al. 2000) and appears to regulate expression of some euchromatic genes as well (for reviews see Yashura and Wakimoto 2006 and Elgin 2014; see also Cabrera et al. 2015) .
Other heterochromatin-enriched proteins, also discovered as suppressors of euchromatic PEV include SU(VAR)3-9 and SU(VAR)3-7, both of which bind HP1α (Cléard et al. 1997; James et al. 1989; Schotta et al. 2002; Delattre et al. 2000; Greil et al. 2003) . Westphal and Reuter (2002) discovered that suppressors of variegation also function to ensure the proper disjunction of chromosomes during meiosis, and found 9 specific suppressors of variegation, including HP1α, SU(VAR)3-9 and SU(VAR)3-7, that play a role in the suppression of recombination in heterochromatin.
Studies mapping the heterochromatic/euchromatic border using heterochromatic-specific histone modifications have focused on the methylation of Lysine 9 of histone 3 (H3K9me2), the canonical heterochromatin-specific nucleosomal modification (Schotta et al. 2002 (Riddle et al. 2011) .
With the transition zones between heterochromatin and euchromatin now defined in terms of heterochromatic enriched chromosomal proteins and heterochromatin-specific histone modifications, it raises the question as to whether other properties of heterochromatin also transition in the same region as reported by Yashuhara and Wakimoto (2008) and Riddle et al. (2011) . Elucidation of the genetic properties that independently define the different chromatin states associated with heterochromatin and euchromatin should help refine the boundary observed with the histone modifications. Since meiotic recombination is present in euchromatin, but absent in heterochromatin, it constitutes a key genetic property that can be observed transitioning between chromatin states.
Here we took a genetic approach to investigate whether the lack of meiotic recombination, as a property of heterochromatin, also transitions at a similar location as the H3K9me2 transition on chromosome 2L of Drosophila melanogaster. By using P element insertion lines marked with a su(Hw) insulated mini-white gene (Roseman et al. 1995; Bellen et al. 2004) we examined recombination between insertion lines located on either side of the heterochromatin/euchromatin transition zone.
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Methods
Drosophila stocks
Six P element insertion lines used in this study, listed in (Roseman et al. 1995; Bellen et al. 2004 ) and were maintained on a mutant white genetic background so the mini-white marker was visible.
Recovering Recombinant Chromosomes
Potential recombination events between P{SUPor-P} carrying chromosomes were recovered by crossing males and females from different P{SUPor-P} insertion lines. F1 females progeny, in which recombination could take place, were mated to white 1 males. Progeny from this cross were examined for the presence of the mini-white marker. A recombination event in the F1 female that occurred between the two P{SUPor-P} insertions would create a chromosome lacking a P{SUPor-P} marker and its associated mini-white marker, thereby producing a white eyed phenotype.
Verifying Recombinant Chromosomes
White eyed flies carrying putative recombinant chromosomes were collected individually to confirm the absence of a P{SUPor-P} insertion. The first step of confirmation was to obtain a magnified digital photograph of each eye. If no trace of the mini-white marker (orange coloured D r a f t ommatidia) could be detected in the digital photograph, diagnostic PCR was then used to verify the absence of P{SUPor-P} in the putative recombinant fly.
For diagnostic PCR, primers were made to a unique sequence in the P{SUPor-P} construct and with the genomic DNA of individual flies to detect the presence of the construct in P{SUPor-P} carrying flies, or to verify the absence of the construct in flies carrying recombinant chromosomes. Multiplex PCR, using a control primer set simultaneously with the P{SUPor-P} primer set, ensured the PCR reaction was successful. Primer sequences can be found in Table 2 .
Genomic DNA was isolated from individual flies by mashing the fly in 15uL of lysis buffer (10mM Tris (pH 8.2) with 1mM EDTA and 25mM NaCl). After mashing, 2uL of 20mg/mL proteinase K was added to the homogenate and activated by incubating at 37 O C for 30 minutes.
After incubation, the proteinase K was inactivated by increasing the mixture to 95 O C for 10 minutes.
Establishing of methylation boundary in overies
Data on H3K9me2 patterns in ovaries was retrieved from the publically available datasets of The National Human Genome Research Institute Model Organism Encyclopedia of DNA Elements (Celniker et al. 2009 ). The dataset was retrieved from website, www.modencode.org ( last accessed Jan 26, 2016), which utilizes modMine version 33, and the dataset accessed was #3946.
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Results
Pilot experiments were conducted in order to confirm that recombination between P{SUPor-P} lines could be detected close to the histone-defined euchromatin-heterochromatin border. In the pilot experiment using KG07233/KG03375 females (see Figure 1 for insertion locations), 16
white eyed recombinant flies were observed among a total of 103,410 progeny (Table 3 ). Figure   2 shows examples of the wide range of eye colour phenotypes observed in the experiment with KG07233/KG03375 females. Note that a negative control experiment using KG03375/KG03375 females yielded no recombinants among 51,296 progeny (Table 3) .
Two experiments involving pairs of inserts located on the heterochromatic side of the presumptive border were performed using KG07233/KG3844 and KG07233/KG04875 females.
In these experiments, zero recombinant progeny were detected among 92,740 and 148,997 progeny, respectively (Table 3) .
Three additional experiments involving pairs of inserts located on opposite sides of the presumptive border were performed: In two cases, involving KG07233/KG06514 and KG07233/KG05571 females, no recombinants were observed among totals of 151,560 and 153,349 progeny, respectively. In the final experiment, using KG07233/KG03375 females, 13 recombinants were detected among a total of 75,982 progeny. The w -identity of all putative recombinants was confirmed by diagnostic PCR. (Table 3 ).
Due to the broad nature of the histone-defined heterochromatin/euchromatin border, the precise location of the border on 2L in female germ cells was not known at the time when these experiments began, although it was likely in, or near the range of 21,900,000 to 22,170,000
reported by Riddle et al. (2011) . The two most proximal inserts, KG07233 and KG03844, were outside the range reported by Riddle et al. (2011) , on the heterochromatic side of the border [their location in heterochromatin is also supported by Hoskins et al. (2002 Hoskins et al. ( , 2007 . No recombination was observed between KG07233 and KG03844 from their presumed heterochromatic locations.
Since, in our initial experiment, we observed no recombination between the inserts in KG072332/KG03844 females, it was evident that these inserts lay proximal to the 2L heterochromatin/euchromatin boundary. Therefore, we focused the remainder of our study on D r a f t insertion KG07233, the most proximal heterochromatic insert, vis à vis the other inserts; thus, KG07233 essentially became an anchor point and, beginning with KG03375, with which our pilot experiment showed recombinant chromosomes could be recovered from KG07233/KG03375 females, we sequentially tested KG07233 in combination with inserts that were located in progressively more proximal locations. Focusing on the proximal insertion KG07233 allowed a reduction in recombination rates due to the presence of the euchromatin/heterochromatin border to be distinguished from changes in recombination rates due to a reduction in the distance between insertions.
Based on the effects on recombination, our data show that the heterochromatic/euchromatic border in female germ cells is proximal to insert KG00375 (located at 22,078,760), which is consistent with the predicted histone-defined border of Yashuhara and
Wakimoto (2008) and Riddle et al. (2011) . Looking specifically at the H3K9me2 patterns in ovaries, the first major peak of H3K9me2 modifications occur at 22,160,000, where it extends for about 1.5 Kb before dropping off and then the methylation patterns become consistent and more widespread at 22,169,000 (Figure 1 ; see Methods for data source). Our data are consistent with the H3K9me2 transition in ovaries. In addition to recombination and chromatin-specific histone modifications, one can also consider the enrichment of heterochromatin in transposable elements and repetitive satellites to help refine the heterochromatin/euchromatin boundary. The location where significant repeats begin was approximated from dos Santos et al. (2015) .
Significant repeats begin approximately 75 KB distal to the insert KG03775 and 160 KB distal to the ovary H3K9me2 boundary, which is well within the histone-defined border of Riddle et al.
(2007) (see Figure 1 ) and this distribution is consistent with our recombination data.
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It is not clear why recombinants were not generated in KG07233/KG05571 or KG07233/KG06514 females since both KG05571 and KG06514 are distal to the H3K9me2 border in ovaries. These two insertions are proximal to the beginning of significant repeats in the region, so the inhibition of recombination may be more closely associated with repeat density than to H3K9me2 patterns. However, KG03375 is in a similar location, distal to the H3K9me2 methylation transition but proximal to the beginning of repeats, yet recombination was observed in KG07233/KG03375 females. It has been long known that recombination in euchromatin is reduced when in close proximity to heterochromatin (e.g. Lindsley and Sandler 1977) ; thus, the close proximity of KG05571 and KG06514 to the H3K9me2 transition may explain the lack of recombination (or reduce it sufficiently such that no recombinants could be detected within the limits of our experiments), or some combination of repeat density and proximity to the Table 3 . Recombination events scored from eight different P{SUPor-P} heterozygous females.
All recombinants reported in the table were verified by diagnostic PCR except for the recombinants in the pilot experiment (marked with *). The 95% confidence limits were calculated using the method described by Stevens (1942 
